v" The somatosensory evoked potential (SEP) measured in response to median nerve stimulation was correlated with cortical and white matter cerebral blood flow (CBF), adenosine triphosphate (ATP), and lactate levels in 14 cats subjected to graded hemorrhagic hypotension following bilateral carotid artery ligation. Three additional cats served as controls. Regional CBF was determined by the hydrogen clearance method, and the time for conduction of the sensory stimulus from the thalamus to the cortex (the thalamocortical conduction time), was used to assess SEP latency changes. A reproducible sequence of changes occurred in the SEP as ischemia developed. There was an early conduction delay that correlated well with mild white matter ischemia. Amplitude reductions in the SEP began as significant cortical isehemia occurred. The cortical SEP was abolished when white matter CBF and ATP fell to critical levels.
M
UCH recent study has been devoted to determining whether changes in cerebral electrical activity can provide a useful clinical monitor of developing ischemia. Experience with electroencephalogram (EEG) frequency analysis has not been uniform, and its reliability has been questioned, although flattening in the EEG has been demonstrated at cerebral blood flows (CBF's) below 17 to 18 ml/100 gm/min. 14, 19 Branston, et aL,~'2 showed a reduction of the amplitude of the somatosensory evoked potentials (SEP's) with changes in CBF below 16 ml/100 gm/min in the baboon, and Bunegin, et al., 3 found a similar threshold change in SEP amplitude in response to CBF reduction below 22 ml/100 gm/min in the dog. Lengthening of the time for conduction of the somatosenory stimulus from the dorsal column nuclei to the cortex (the central conduction time, or CCT) has also been found to occur at similar levels of cortical ischemia. 9,2~ The CCT is a simple clinical measure and Symon, et al., 17 have reported significant prolongation in the CCT and interhemispheric differences in CCT that correlate well to outcome in 13 patients with subarachnoid hemorrhage.
While the amplitude of the cortical SEP's and the CCT seem promising as clinically useful measures of developing cerebral ischemia, the threshold changes found by previous investigators occur only at CBF values critically near irreversible ischemia. Welsh, et aL, 2~ found severe metabolic changes developing in white matter prior to the onset of cortical ischemia, and Sutton, et al., 16 subsequently demonstrated slowing of CCT in the SEP under the condition of isolated white matter ischemia. Changes in SEP secondary to reduced white matter flow might occur prior to SEP changes resulting from reduced cortical flow, and hence might provide an earlier measure of developing ischemia.
The present study was designed to observe changes in the subcortical as well as cortical SEP components in response to developing ischemia, and to correlate these changes with alterations in regional CBF and metabolism. While there is still controversy over the neural generators of the subcortical waves in man, 4,5,11.23 the origins of the far-field waves have been worked out with precision in the cat. 8' 10"23
Materials and Methods
Seventeen adult cats, each weighing 2.8 to 8.2 kg, were premedicated with atropine 0.03 mg/kg and ketamine 25 to 35 mg/kg intramuscularly for placement of intravenous and left femoral arterial catheters to Continuously monitor blood pressure and obtain samples for arterial blood gas analysis. Body temperature was measured with a rectal probe and kept near 37"C with a warming pad. Platinum needle electrodes were placed on the median nerve in the foreleg, and stimuli were given as 0.1-msec duration square waves at four per second with voltage adjusted to twice threshold levels for paw twitch (10 to 12 V). The recording system was adjusted to a bandwidth of 3 to 3000 Hz, and averaging was performed over 256 responses. Limb electrodes were placed to monitor the electrocorticogram. Endotracheal intubation was then performed and nitrous oxide and oxygen, 3:1, was administered as an anesthetic agent via controlled ventilation after muscle paralysis with intravenous pancuronium, 0.05 mg/kg. Respirations were regulated to obtain a PaCO2 of 40 torr. The common carotid arteries were then isolated below the muscle branches and the animal's head was placed rigidly in a stereotaxic frame. A 1 x 2-cm craniectomy was made ipsilateral to the stimulus electrodes. Screw electrodes were placed in the skull contralateral to the stimulus electrode and 1 cm lateral to the midline on the coronal suture and in the midline over the frontal sinus for recording the epidural EEG and SEP's. The positions of these electrodes were adjusted slightly to obtain a typical pattern of response ( Fig. 1) .
Determinations of CBF were made by the hydrogen clearance technique. The dura was opened widely and platinum electrodes, 1 mm in length with 25-ts tapered exposed tips, were placed stereotaxi~cally ~5 into the nucleus ventralis posterior lateralis (VPL) of the thalamus, the white-matter radiations, and the ectosylvian cortex. A silver-silver chloride reference electrode was placed in the ipsilateral temporalis muscle and signals were amplified in a 250-mV polarographic field. Hydrogen gas was delivered by endotracheal tube for 2.5 minutes and recordings of exponential washout were made over approximately 5 minutes. The CBF data and SEP signals were fed into a Wang 2200 MVP computer system and stored on magnetic discs for off-line analysis. Flow values were obtained by bioexponential analysis of the hydrogen washout at each electrode.
After a satisfactory set of baseline SEP's and cortical, white matter, and thalamic flows were obtained (at least 2 hours following ketamine administration), the previ- ously isolated carotid arteries were clamped and blood was slowly removed from the femoral arterial catheter in 14 animals until changes were seen in the SEP as described below. Bicarbonate, 2 mEq, was given intravenously at the time of carotid clamping. Three animals did not undergo arterial clamping or bleeding, but serial SEP and CBF determinations were made over a 4-hour period. Upon reaching the desired end-point change in the SEP's, the brains were quick-frozen in situ with liquid nitrogen and removed for biochemical determination of cortical and white matter adenosine triphosphate (ATP) and lactate levels. 22 From each brain, six cortical and two white matter samples were dissected at -25~ weighed (0.5 to 1.5 mg), and extracted with 0.1 N NaOH in methanol. The extracts were heated at 60~ then assayed for ATP and lactate by enzymatic fluorometric methods.13
Results
The typical far-field and primary cortical potentials seen in our experiments are shown in Fig. 2 . We used the nomenclature of Iragui-Madoz and Wiederholt, ~~ in which wave I originates in the cervical posterior columns and nucleus cuneatus, and wave II arises from the medial lemniscus. Wave III has two components, the first from the cerebellar hemispheres and the second from the ventral posterior thalamus. Wave IV arises in the sensory radiation. For convenience, we have labeled the ensuing primary cortical response as wave V.
The observed latencies for these waves in our experiments are recorded in Table 1 . Only waves III and V were seen in all animals. Two animals demonstrated splitting of wave III into two components on the baseline SEP, and at least five others showed separation of the two components as ischemia developed. Wave IV could only be demonstrated in 10 animals despite many attempts at repositioning the skull recording screws. The conduction delay between wave I and wave V would correspond to the CCT. However, because wave I was only variably present, we chose to evaluate the conduction between wave III and wave V. This corresponds to a thalamocortical conduction time (TCCT, Fig. 1 ) and measured a m e a n ___ standard deviation of 4.12 __+ 0.46 msec from the control SEP's in our animals. The T C C T was insensitive to weight (r = 0.26) and was unchanged over 4 hours in the three sham-treated animals with temperature, pCOz, and blood pressure held constant.
Baseline CBF values are shown in Table 2 . These are comparable to the results of other investigators using the hydrogen clearance technique in the cat. 7'~2 The Table 3 . These regional values of ATP and lactate are again similar to values reported previously. 2~ Following carotid artery clamping, 14 animals were bled until a clear alteration in the SEP was seen. The first change noted in 12 animals was a 16.2% _+ 4.5% increase in the TCCT. Two animals developed more profound changes before recordings could be made. Seven of nine non-control animals demonstrating wave IV on the control SEP showed loss of this wave coincident with the increase in TCCT. Mean white matter CBF was reduced to 45% ___ 19% of control levels while cortical flow was reduced to 71% ___ 23% of control. At this time, three cats were sacrificed for metabolic analysis (Group A). The results are summarized in Table 3 . The A T P levels in both white matter and cortex remained normal, while the lactate concentration was elevated to 13.4 m m o l / k g in the white matter and 4.2 m m o l / k g in the cortex.
Blood was then slowly withdrawn from the remaining 1 1 animals until further alteration was seen in the SEP's. Amplitude reduction in the primary cortical wave was seen in all animals with a further increase in TCCT. In nine animals, amplitude reductions of more than 50% were obtained when cortical CBF fell below 45 % of control (Fig. 3) . However, in two cats amplitude reductions below 50% occurred without any reduction in cortical flow but with reductions to 19% and 64% of control flow in the white matter. Mean flow reductions were 35% of control levels in white matter and 49% of control in cortex. Five animals were sacrificed for metabolic studies (Group B, Table 3 ). White matter ATP had fallen to 57% of control without a significant change in cortical ATP. White matter and cortical lactate levels were elevated to 28.5 and 14.2 mmol/kg, respectively. The remaining six cats were then slowly bled until the cortical wave of the SEP's disappeared, coincident with the burst suppression on the EEG. Mean arterial blood pressure was approximately 40 torr. Waves I, II, and III were still preserved and thalamic flows remained greater than 38% of control in all six animals (average 64%). At this time, no flow could be detected in the white matter in three animals although cortical flows remained at 13%, 30%, and 62%. In two other cats, white matter flow fell below 14 ml/100 gm/min while cortical flows were 34% and 100% of control levels. In the sixth animal, a 10% reduction in white matter flow was detected while cortical flow fell to 37% of control values. On metabolic evaluation of brain sections, profound decreases in white matter ATP along with marked elevation of white matter lactate were seen, while only a mild reduction in ATP and moderate elevation of lactate levels were seen in the cortex at the same time (Group C, Table 3 ).
Discussion
Previous studies of SEP changes during ischemia ~-3, 9.17.2o have related these changes to alterations in cortical blood flow only. However, our data indicate that conduction of the stimulus to the cortex, as represented by the thalamocortical conduction time (TCCT), and the presence of the primary cortical response are more closely associated with white matter CBF and metabolism. The amplitude of the primary cortical response appears associated with cortical flow. This is supported by studies of the direct cortical response in which a graded reduction in amplitude followed reductions in cortical flow with abolition of the response at 33% of control flow. 6,Is Waves I, II, and III (the pre-thalamic and thalamic components of the SEP) were consistently well preserved in our experiments. LaMorgese, eta/., 12 demonstrated better autoregulation in the deep gray nuclei than in either cortex or white matter. This was also our experience, with preservation of thalamic flow in all groups.
The sequence of SEP changes in progressive global ischemia may be described as follows. Regional blood flow reductions occur first in the white matter-the end-field of supply of long penetrating vessels from the surface. As flow approaches 45 % of control in the white matter, conduction of the stimulus to the cortex is delayed, and a prolonged TCCT is the first change noted in the SEP. With reduced regional CBF, anaerobic glycolysis is activated and tissue lactate levels rise. Three animals in our series with prolonged TCCT alone (Group A) had adequate white matter and cortical ATP, with elevated white matter lactate. This suggests that altered tissue pH might be responsible for the delayed conduction. We were unable to demonstrate any threshold relationship between cortical CBF and TCCT.
Amplitude reductions in the primary cortical SEP wave are noted with further reductions in perfusion. The cortical flow values seen at this time are less than 45% of control in most cases, and cortical lactate levels rise as a result. This suggests that the amplitude reduction in the SEP might be the result of reduced or asynchronous cortical neuronal firing. However, ATP levels in white matter are critically low when these changes are seen. Amplitude reductions occurred in two animals in Group B with normal cortical CBF. This suggests that fallout of white matter axons from the firing pool might also be sufficient to produce a flattened cortical wave.
With profound flow reductions, no cortical wave is seen in the SEP's (Group C). Cortical energy levels remain high, but white matter CBF is below 14 ml/100 gm/min and white-matter ATP is all but totally depleted in these animals. Cortical energy levels remain presumably adequate for neuronal firing were any stimulus volley able to penetrate the white matter conduction pathways. This suggests that a block of stimulus conduction through the white matter is responsible for failure of generation of the cortical SEP's.
